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Novel imaging and labelling techniques in visible optical
microscopy, where a resolution of down to 20 nm can be achieved
in special cases [1–3], can be used to study dynamic processes in
living cells and nanostructures. To obtain very high resolution illu-
mination at short wavelengths, high resolution lenses are required.
In visible light microscopes, lenses can be made from precision-
shaped glass, while magnetic ﬁelds and zone plates are used for
focusing electrons and X-rays, respectively. When focusing optics
are applied as an objective in imaging, high-frequency information
cannot be collected by the lens and is excluded in the reconstruc-
tion of the image, which limits the resolution, and lens imperfec-
tions cause aberrations in the image. Optics in the X-ray and
Extreme Ultraviolet (XUV) regions are more difﬁcult to produce
and are less effective. To avoid the use of lenses coherent diffrac-
tion imaging (CDI), or ‘‘lens-less imaging’’ [4], has been developed.
Coherent diffraction imaging in its original concept has a plane-
wave geometry and requires a high degree of spatial coherence of
the light source. The principle of CDI is simple, and a similar tech-
nique has been used in X-ray crystallography, but the experimental
realisation of CDI is much more difﬁcult. In crystallography the
weak signal diffracted from a unit cell of a large crystal is accumu-
lated coherently and the periodic arrangement of the atoms acts
like an ampliﬁer so that detection of the Bragg peaks is straightfor-
ward. The diffraction pattern from a non-crystalline specimen or a
nano-crystal has a much weaker intensity distribution whichrequires a very high ﬂux source for illumination. The incident beam
needs to be highly coherent and the coherence length is related to
the over-sampling ratio of the diffraction pattern [5,6]. For high
resolution the diffraction intensity at high-angle diffraction needs
to be recorded and in order to obtain high-quality diffraction
patterns the dynamic range and quantum efﬁciency of the detector
need to be high. Iterative retrieval of the phase of the far-ﬁeld
diffraction pattern permits reconstruction of the diffracting object
with a spatial resolution that is limited, in principle, only by the
wavelength of the incident radiation and the properties of the
detector.
At present the availability of a bright coherent source, especially
an X-ray source which in many CDI experiments is provided by a
synchrotron [7] or a free-electron laser [8], is a bottleneck in the
development of X-ray diffraction microscopy. The ‘‘beam time’’ at
free- electron laser or third-generation synchrotron facilities has
limited the number of groups that are currently working on CDI
techniques and their application. High harmonic generation
(HHG) sources provide not only a small laboratory-scale table-
top setup, but they also deliver radiation with a very high degree
of spatial and temporal coherence [9,10]. While third-generation
synchrotron sources can be used effectively for CDI [11], the
incident light requires signiﬁcant spectral and spatial ﬁltering
which decreases the photon ﬂux substantially in order to achieve
the necessary lateral and longitudinal coherence. X-ray free
electron-laser sources [8] are partially coherent and have a degree
of coherence (0.8) signiﬁcantly less than that of visible lasers. The
high degree of spatial coherence of HHG radiation and the small-
scale source offer an inexpensive approach, complementary to
large facilities.
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tial resolution of 90 nm with relatively long integration times
(80 min) [12] and single shot imaging with 125 nm spatial resolu-
tion [13] have been achieved. When a source at a wavelength of
13 nm is used a resolution of 25 nm (2k) has been achieved
with an expose time of 30 s [14]. A single harmonic can be selected
by using optical elements such as narrow-bandwidth multilayer
mirrors but a signiﬁcant loss of total harmonic intensity is
incurred. Previous work has shown that it is possible to use a well
characterised large bandwidth harmonic source for reduction of
exposure time in a CDI experiment with a spatial resolution of
150 nm [15]. Using a HHG source, the sample cannot be located
close to the HHG source because the thin metal ﬁlter used to block
the fundamental laser beam is very easily damaged by the funda-
mental laser. We have recently reported that a resolution of
100 nm for a periodic sample image could be achieved from a
300 s integration-time diffraction pattern obtained with a few high
harmonic order sources around 30 nm and a sample size of
15 lm. The size of the HHG beam at the sample spot was usually
>1 mm and therefore the effective photon ﬂux for illumination of a
micro-scale sample was also low. By using XUV focusing mirrors,
a single-harmonic beam can be conﬁned to a smaller area that is
comparable to the size of the sample. As a result the total photon
ﬂux through the sample is increased and hence the exposure time
needed to capture a full dynamic range diffraction pattern can be
signiﬁcantly reduced.
In this paper, we report the generation of a small bandwidth
high order harmonic source and its application in diffraction image
to achieve a spatial resolution of 45 nm. A short exposure time of
8 s to image a small size (3 lm  3 lm) sample can be achieved
by using a focusing mirror with a narrow-bandwidth HHG source
around 30 nm. We discuss the condition, where the plane-wave
ﬁeld or additional phase terms need to be considered in the recon-
struction procedure. This new experimental scheme is very prom-
ising for imaging sub-10 nm scale objects with a table-top source
based on a small inexpensive femtosecond laser system. Our
extreme ultraviolet diffraction image transmission microscope is
driven by a table-top femtosecond laser (<2 mJ pulse energy,
805 nm wavelength, 1 kHz repetition rate, 30 fs pulse duration)
which is used in many laboratories worldwide.
In the coherent diffractive imaging technique a coherent light
source is used to illuminate an object and the intensity of the dif-
fraction pattern of the object is recorded. Based on diffraction the-
ory the diffraction ﬁeld at the detector plane (U(x0,y0)) from an
object (U(x1,y1)) where x and y are horizontal and vertical co-ordi-
nates is given by [16]:
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where z is the distance between the sample and the detector and k is
the wavelength of the source. When an object with a complex trans-
mission function T(x1, y1) is illuminated by a light ﬁeld the object
amplitude is found by multiplying the incident wave by T(x1, y1)
Uðx1; y1Þ ¼ Eðx1; y1ÞTðx1; y1Þ ð2Þ
When a mirror is used to focus a plane-wave ﬁeld with amplitude E0
a ﬁeld with quadratic phase and Gaussian intensity contribution are
created in the transmitted ﬁeld [17] at the object plane
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where af is the phase factor which is dependent on the distance to
the focus, rI is the width of the intensity distribution. For a planeﬁeld in conventional CDI, U(x1, y1) = E0T(x1, y1). The recorded inten-
sity at the detector plane is I(x0, y0) = U(x0, y0) U⁄(x0, y0). For a focus-
ing ﬁeld the variation of intensity and phase cross sample plane
need to be considered. The sample, T(x1, y1), can be reconstructed
from the intensity distribution of the diffraction pattern when the
phase information is known. Because only the intensity of the dif-
fraction pattern is recorded a Fourier-based iterative phase retrieval
algorithm is used to recover the phase for reconstruction of the
image [6,18]. In order to successfully reconstruct the image of the
object the conventional CDI experiment requires that the object
needs to be illuminated by a well characterised coherent plane
wavefront and a reasonably narrow bandwidth light source
(k/Dk > 1000) [6]. To capture the far-ﬁeld diffraction data using
the Fraunhofer approximation, the distance between the detector
and object plane (z) is large and the criterion z L2k is satisﬁed,
where L is the maximum dimension of the object. For an object of
maximum dimension L, the requirement that light from both edges
of the scattering object experiences a path difference of less than
one longitudinal coherence length when scattered at an angle h is
rS > Lsinh, where rS is the coherence length of the source. The
resolution D of the reconstruction via D = k/2 sinh is only limited
by the wavelength of the light source and the degree of high-angle
diffraction data. Considering the Rayleigh criterion the theoretical
resolution of the CDI can be estimated from d ¼ 0:61k=NA, where
NA is the numerical aperture. In a successfully reconstructed image,
the size of each image pixel is given by r ¼ a zkpN, where N is the num-
ber of pixels in an N  N CCD array, a = 0.94 (Sparrow criterion) and
1.22 (Rayleigh criterion). For a given wavelength of the illuminating
radiation, the resolution is linearly proportional to the distance z
between the sample and the CCD and limited by the size of CCD
pixels.
The harmonic generation was driven by a 1 kHz, 800 nm multi-
pass multi-stage chirped-pulse ampliﬁer laser system, which pro-
duces 30 fs pulses with an energy 2 mJ. The diagram of experi-
mental setup is shown in Fig. 1. The detailed experimental
conﬁguration and the optimisation of the HHG are described else-
where [10]. We have previously veriﬁed the extreme-ultraviolet
emission scales quadratically with gas pressure and interaction
length [19], demonstrating that the target is operating in the
phase-matched regime. In order to block the fundamental driving
laser and also its scattering into the detector the high harmonic
beam passes through several pinholes with diameter <2 mm and
a 200 nm-thick aluminium ﬁlter which has a 60% transmission in
the wavelength range 17–60 nm. The XUV radiation is generated
around the end of a long gas cell which has a glass window at
the entrance and a 100 lm laser-drilled pinhole at the exit. By
an appropriate choice of species of gas, gas pressure, interaction
geometry, position of the laser focus and intensity and diameter
of the laser beam, the harmonic emission can be phase-matched
and conﬁned to just a few harmonic orders [19]. A typical HHG
spectrum is shown in Fig. 1a when argon gas is used as the active
medium.
The good beam quality in the far-ﬁeld of the harmonic and the
small bandwidth of the harmonic spectrum indicate that phase
matching is mainly satisﬁed along the propagation axis of the
pump pulse [19]. The band-width of the 27th harmonic (around
30 nm) is small and we can obtain k/Dk > 250. The coherence
degree of the source is 0.99, which can be measured in a
combination of a Young double slit and a spectrometer.
The HHG radiation is reﬂected by an XUV plane mirror and a
20 cm-radius focusing mirror at a reﬂection angle of 10o in a
Z-conﬁguration to obtain a good focusing spot. One strong narrow
bandwidth harmonic at a wavelength around 30 nm (the 27th
harmonic at 29.8 nm) is selected to illuminate the sample (see
inset of Fig. 1b). Small contributions from the 25th and 29th
Fig. 1. The table-top CDI experiment using high harmonic generation conﬁguration. The inset shows (a) typical phase-matched high order harmonic spectrum and (b) the
reﬂected spectrum for illumination of the sample.
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mirror of 10 mm focusing length the full width at half maximum
(FWHM) of the beam is 7 lm at the focus and >25 lm at
±2.4 mm from the focus. With this mirror the effective photon ﬂux
at the sample spot increases by more than two orders of magni-
tude. However, using a focusing mirror leads to curvature of the
wave ﬁeld and the plane-wave requirement for a CDI experiment
may not be satisﬁed; so the variation of the phase and intensity
of the source across the sample need to be taken into account. A
deep-cooled 16-bit resolution CCD camera (Princeton Instruments
PIXIS 2048  2048) with 13.5  13.5 lm pixel size is placed 3.5 cm
behind the sample to capture the sample’s diffraction pattern. This
leads to an NA of approximately 0.38 and a theoretical resolution
of 46 nm (Rayleigh criterion). The camera is cooled to 40 C to
minimise thermal noise when taking diffraction data. The whole
CDI apparatus downstream from the gas cell through different
pumping stages is placed inside the vacuum chamber, in which
the pressure is maintained at around 105 Torr.Fig. 2. (a) Diffraction images from a 3 lm  3 lm sample at distances of 1.5 mm from
Reconstructed image of the sample with a plane-wave ﬁeld code. (d) Knife-edge test to
section is taken at the horizontal line in (c).A 3 lm  3 lm test sample is fabricated on a 50 nm thick Si3N4
membrane and the sides are coated with 50 nm and 150 nm-thick
gold layers. The thinnest lines in the test samples are 160 and
75 nm wide as shown in the scanning electron microscope images
of the samples in Fig. 2b.
At distances of ±1.5 mm from the focus point the FWHM is
>15 lm. Therefore we expect the condition of uniform ﬁeld over
the sample is satisﬁed at positions of ±1.5 mm from the focus. With
an exposure time of 8 s (Fig. 2a) a diffraction pattern with a high
diffraction angle and a rather high signal-to-noise (S/N) image is
obtained with the maximum dynamic range of our CCD. At
distance ±1 mm from the focus the FWHM is 12 lm and the expo-
sure time required to obtain the diffraction image is reduced to d
4 s (Fig. 3a), but a new diffraction feature produced by a variation
of the phase of the illuminating ﬁeld is observed.
In the previous publication the diffraction intensity was binned
numerically for increasing the signal-to-noise ratio of the diffrac-
tion intensity and a curvature correction procedure has beenfocus of mirror. (b) Scanning electron microscope image of the test sample. (c)
determine the resolution of the reconstructed image of the small sample. The cross
Fig. 3. (a) Diffraction images from a 3 lm  3 lm sample at distances of 1 mm from
focus of mirror. Reconstructed image of the sample by using a plane-wave ﬁeld (b)
and an additional phase variation (c).
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source. The ﬂux and coherent degree of our source is high enough
to obtain the high angle diffraction with good signal-to-noise ratio
(Figs. 2 and 3a) at the edge of CCD. A full range of CCD matrix
(2048  2048) can be used and the curvature correction at CCD
plane is not necessary. For no-binary sample this correction maybe
necessary to consider. An image reconstruction is performed based
on the Fraunhofer diffraction of a plane ﬁeld by considering
the phase variation of the illuminating ﬁeld at the sample plane.
The Error Reduction and Hybrid Input Output algorithm
[5,15,20,21] is used to recover the sample’s image. The plane-wave
ﬁeld code without considering the phase variation in the sample
plane can be used for reconstruction of the sample from their dif-
fraction images at the positions 1.5 mm after the focus, respec-
tively. The recovered image is shown in Fig. 2c. Similar results
are obtained for other positions, at +1.5 nm from focus. This shows
that the curvature of the beam has less inﬂuence on the diffraction
image and the diffraction of a plane-wave ﬁeld can be considered if
the sample is not located close to the focus and the FHWM of the
beam is much larger (>4 times) than the total sample size.
When the sample is located close to the focus at 1 mm the
reconstructed image becomes blurred, despite a short exposure
time. Fig. 3b shows the reconstruction of a large sample from the
diffraction image at 1 mm when a plane-wave ﬁeld code is
applied. The ﬁeld intensity at the sample plane can still be consid-
ered to be homogeneous but the phase differs from that of a plane-
wave ﬁeld and the expected diffraction is distorted by the phase
variation of the wave ﬁeld at the sample plane. The reconstructed
image is improved when the phase variation of the illuminating
ﬁeld is considered and we obtain an image (Fig. 3c). When the
sample is at a distance < 1 mm from the focus for a large sample
it is not possible to use a plane-wave ﬁeld code for reconstruction;
however the sample can be reconstructed by considering the phaseand intensity variation at the sample plane. The letter ‘I’ in the
sample and the gap inside the letter which has a width of only
75 nm are clearly seen in the reconstructed image. The knife-edge
test of the small image (shown in Fig. 2d) reveals that a resolution
of45 nm (10–90% of intensity proﬁle) is achieved, which matches
the theoretical calculation (d = 0.61k/NA = 46 nm; the Rayleigh cri-
terion) reasonably well. This resolution is limited by the pixel size
and the size of the diffraction data that can be captured.
The results of this experiment could be improved by increasing
the exposure time which will increase the contrast of the high-
angle diffraction data and then applying a low frequency ﬁlter to
avoid the non-linearity of the intensity in the central region of
the image. It is noteworthy that the long term stabilisation of the
HHG source is not high; instead the ﬂuctuations resulting from
the fundamental laser pulse are very low because of the many
high-order processes involved in the HHG. The ﬂuctuations of the
HHG source cause a blurring of the diffraction pattern. Short
exposure time will increase the diffraction image quality.
In conclusion, we have demonstrated that a high resolution
image (<45 nm resolution) can be reconstructed from a diffraction
pattern generated by a table-top high-harmonic source at a
wavelength of around 30 nm. By using a focusing mirror, a single
harmonic can be selected and focussed to illuminate the sample.
As a result, the quality of the diffraction pattern is improved and
the required exposure time is signiﬁcantly reduced. In order to
increase the quality of the reconstructed image, the object needs
to be placed at an optimum distance from the focus point to ensure
the object is illuminated by an approximate plane wave. This
experimental scheme is highly promising for imaging sub-10 nm
objects, by using shorter wavelength radiation and a shorter
distance from the object to the detector.
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